
SAm

1942.

( ) AVRADCOM

C-,") TechnWc ubn
• Rpt,. Gas Turbine amc

81--7Coated-Vane Concept '

j December 1981
VVifi IjLonvectoon-GooLledt.
Porous Metal Core

DTII

Albert F. Kascak,
Curt H. Liebert,
Robert F. Handschuh,

,• and Lawrence P. Ludwig 2E 2 219

17E 0

S 
=

i•. 3
!-I

4 ••a



-'1

NASA
Technical
Paper
1942

AVRADCOM
Technical
Report Crmc.e•Gas Turbine Ceramnic-
81-C-7 Coated-Vane Concept
1981 With Convection-Cooled

Porous Metal Core

Albert F. Kascak
Propulsion Laboratory
AVRADCOM Research and Technology Laboratories

Lewis Research Center
Cleveland, Ohio

Curt H. Liebert,
Robert F. Handschuh,
and Lawrence P. Ludwig
Lewis Research Center Accesnion For
Cleveland, Ohio : :. . z

DTtC L'. 
7  j

- Codes
: :: :-id/or

National Aeronautics
and Sace Administration

Scientific and TechnicalInformation Branch

L_ , I



Summaryonto a porous metal layer. The low modulus of this
L porous metal layer acts to mitigate the thermal strain

Analysis and flow experiments on a ceramic- differences between the ceramic and the metal base
coated-porous-metal vane concept indicated the structure to which the porous metal is brazed. The
feasibility, from a heat transfer standpoint, of porous metal provides an excellent bonding surface
operating in a high-temperature (1644 K; 2500* F) for the sprayed ceramic layer, and excellent
gas turbine cascade facility. The heat transfer and mechanical and thermal shock resistance are reported

pressure drop calculations provide a basis for (ref. 5).I
selecting the ceramic layer thickness (to 2.03 mim; This ceramic-coated-porous-metal concept may
0.08 in.), which was found to be the dominant factor prove to be useful for other static components such
in the overall heat transfer coefficient. Also an as the vane concepts described in reference 6. One
approximate analysis of the heat transfer in the vane version of this concept is composed of a plasma-I
trailing edge revealed that with trailing-edge ejection sprayed ceramic coating applied over an airfoil-
the ceramic thickness could be reduced to 0.254 shaped porous metal core. The ceramic coating acts
millimeter (0.01 in.) in this portion of the vant. as a thermal barrie17, and a small amount of cooling

air flows spanwise through the porous metal core.
The objectives of this work are to establish the

Introduction feasibility of this vane concept by measuring the

pressure drop in the porous metal that would be used
Continuing demand for improved performance in a vane core and by formulating mathematicalj

(thrust and efficiency) drives gas turbine designs models for the prediction of temperatures andtowad eer ncrasig tmperturs i th tubin cooingmas flw. hre diferet gses(ai, agon
assemblies, which P~re composed of metallic and helium) were used in the flow studies on porous
components and are cooled in order to meet metals, and mass flow rates were recorded as a
operating life goals. Therefore an increase in turbitne function of pressure drop across the porous metal
gas temperature has an associated increase in cooling specimen. Generally the flow rates were in a very loh
airflow requirement, which brings about a point of Reynolds number regime. From the flow data an
diminishing return on performance improvement average hydraulic diameter and associated friction
because of the penalty associated with bleeding off factor were calculated. These data, in conjunction
air for cooling. with heat transfer analysis, were used to judge the

As compared with cooling large engines, small feasibility of the vane concept.
engines have additional problems of larger penalty
associated with bleeding air and with incorporation
of cooling passages and holes in small vanes and
other components. For these ieasons small engines Background and Analysis
generally employ less vrooling technology than large
engines, and by necessity operate at lower Vane cofcept
temperatures.

In an effort to rind solutions to these small-engine The basic vane concept, wfiich is shown in figure 1,
cooling problems, considerable work has been consists of a porous metal airfoil shape that isFexpended in developing monolithic ceramic oversprayed with a ceramic coating. Cooling airflow
components that can operate uncooled; in this is in a radial direction, that is, normal to the axial

regard, references I to 3 are a few examples of the flow of the turbine gas. And heat conduction is
extensive work in this area. The inherent low tensile through the ceramic coating, which acts as a thermal
strength and brittleness of monolithic ceramics barrier, into the porous metal region. This
makes application difficult. ceramic/porous metal concept is considered suitable

Another approach to obtain high-temperature for limited-life engines, in which plugging of the
components without a large cooling penalty has been porous metal would not be a problem. A
applied by reference 4 to end walls over turbine blade nonplugging concept for long life (ref. 6) was not
tips. This approach makes use of ceramic sprayed evaluated in this study.



The vane core, which is a 75-percent-porosity Trailing-edge ejection is needed in order to
metal, is shown in figure 2 prior to ceramic coating, maintain aL;ceptable temperature levels in this thin
The span of the test vane was determined by heat portion of the vane. In this regard the thicker section

4' transfer and flow analysis (see following sections) of the vane is visualized to have predominately
and was selected to be 25.4 millimeters (1.0 in.). The spanwise flow and the trailing edge to have axial
airfoil core cross-sectional area (normal to the flow. This flow is established in the vane by a hole
cooling airflow direction) was 387 square millimeters in the core that feeds cooling air to the trailing edge
(0.6 in 2 ); this cross-sectional area has a perimeter of (fig. 4).
127 millimeters (5 in.). The vane core was fabricated
(by electron discharge machining) from a slab of Vane Heat Transfer Analysis
NiCrFeMo alloy porous metal. A scanning electron
photomicrograph (fig. 3) shows the surface after A simplified mathematical model that was used to
fabrication. Internal surface area measured by a gas formulate the heat transfer analysis is shown in
absorption method was 0.8 m 2 /g (4345 ft 2 /lbm). figure 5. The model is based on the following

A ceramic coating of Zr0 2 was plasma sprayed assumptions:
onto the porous metal airfoil shape and conceptually
covered the entire airfoil with a constant-thickness
coating except at the trailing edge, which was left
uncovered for trailing-edge ejection (fig. 1). The
procedure for coating the porous metal core
consisted of (1) grit-blasting with pure aluminum
oxide particles, (2) plasma-spraying a bond coating
of Ni-16Cr-6Al-0.64Y on the porous metal core, and
(3) plasma-spraying a ceramic coating of 8-weight-
percent-yttria-stabilized zirconia (ZrO 2 ) onto the
bond coating.

r~rcý -- Trailingw-
Slayer edge

#4 ~Figure 3. - Scanning electron photo-"-Porous metal core micrograph of porous metal surface-Pradial airflow) (after electric discharge machining).

Figure 1. - Ceramic-coated porous metal vane concept.

Trailing-
edge

-~ejection

25.4mm
(LOin.)

_•Lol in€ care for feeing

m cooling air totrailing edge'

-' Cooling flav

C-80-6735 Figure 4. - Sketch of test vane core showing location of trailing-edge
Figure 2.- Vane core made from porous metal. cooling hole,
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SCeramic (3) The cooling airflow through the porous metal
rocore is one dimensional, and a thermal gradient in the

Cad Ing.. a#rN cporous metal exists only in the cooling airflow
:;] Ceramic

layer direction.
(4) A fiat-plate model was used to calculate the

hot-gas-to-surface heat transfer coefficient, and this
A coefficient was assumed to be constant and

applicable to the entire vane surface. Reference 10
shows that the flat-plate coefficient, based on the
initial hot-gas inlet conditions to its vanes, is

Hot gas flaw I conservative (larger than the actual coefficient).
This fourth assumption regarding the hot-gas film

"coefficient can be further justified (see results
section) on the basis that the conductivity of the hot-

"Neax ,sao gas film is generally larger than the conductivity of
I the ceramic layer; therefore the solution is not

sensitive to the accuracy of the hot-gas film
coefficient. Assumed test conditions used to predict
vane core operating temperature are given in table I.

With reference to figure 5(b), the heat flux
equation for the gradient through the hot-gas film

and ceramic layer is
Impervious edge q)(Wh ends) q =hg (Ts TO) = (Tbo - TOi

(at Simptified vane.

Ceramic Ceramic = h eff(Tg - Tbi)(1
layer IPorous metllj ye

It w tith-in which, q is the heat flux, h is the hot-gas film
coefficient, kb is the conductivity of the ceramic

T-, /rTg layer, and herf is the overall heat transfer coefficient.
vane This heat flux is conducted into the porous metal and

1b.o Tb.o span then into the cooling air; the following holds:

- dT (2)

rb.I Tb.l qs= Wcp Z(

in which s is the perimeter of the vane airfoil shape,
z.0 W is :he mass flow of the cooling air, and cp is the

a t t f specific heat.w
(coding aIr)

MI Sectln A -A- A.

Figure 5. - Vane mlthemalticl model TABLE I.-OPERATING CONDITIONS AND FLUID

PROPERTY DATA

Turbine hot gas Cooling air

Entrance temperature, 1644 (2500) 294 (70)
(1) The heat flux through the ceramic layer is one K (-F)

dimensional. (Ceramic thermal conductivity values Inklt pressure, atm 10 10
were obtained from ref. 7.)

(2) The cooling airflow Reynolds number is low; Specific heat. c,, 1.046 (0.25) 1.046 (0.25)
therefore the porous metal temperature is not J/g K (Btu/Ibm 'F)
significantly greater than the cooling air Kinemaic visocty, -, 0.196 (0.0304) 0.0149 (0.0023)
temperatures and the two temperatures can be Cm2/sec (in /sec)
considered .qual (refs. 8 and 9).
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Equations (1) and (2) can be combined to give dZ Wcp dTIhgffs(Tj - 7)

(r•-7 = w• dr(see eq. (3))
We (3)

"I -= lAo c
where hff is the overall heat transfer coefficient and
Z is the vane span. Integration of equation (3) and
application of the boundary condition of T= TcO at (variable property relationship in which y is the
Z 0 result in the following relationship: kinematic viscosity)

W= (4 W gLs

cp In (Tg - Tco)i(Ts -Tci) (4) W- s 1

in which Tco is the entrance cooling air temperature and the result after integration is
and T7 i is its " cooling air temperature at Z=L.
Equation (4) can be used to predict the maximum p)2=2 y/ 2
vane core temperature Tci as a function of cooling air (- 641 2 PfS2

mass flow. \PCJ -~ . '

SVane Flow,,,,,l5 ,(XC- - I(XCO) (8)
The flow in the porous metal was modeled like .2.[,, ,. ,l:

pipe flow; and since the Reynolds number was CO - J I
assumed to be low, the friction factor for laminar4 pipe flow was used. That is, in which

64 641& X3/2dXF= =- We P (5) I(X) -- -X : X3/2 -2XI/2

Re p Vdh!( j 3

where dh is the hydraulic diameter for the porosity of
the metal core, p is the fluid density, V is the average I +X 1 2

velocity in the pores, and ;L is the fluid viscosity. Also + In I -
the following applies:

and
i,,• F= di, dP

F= - Z (6)

in which dPIdZ is the pressure gradient along the
span. Equating (5) and (6) gives

With reference to equation (8), the hyaraulic
rdP 321&(,p V) diameter dh is the only unknown, and thic was

dZ p(dh) 2  (7) determined in a series of flow tests (see following
sections) on the particular core material used to

In which (dK) 2/32 corresponds to the permeability construct the vane.
coefficient of the Darcy equation as given in
reference 11. It is convenient to make the following Apparatus and Procedure
substitutions into equation (7:

EVx WApe•imes on Flw Thromg Promi Me.t
A schematic of the flow test rig used to measure

c is porosity, A is the flow area pressure drop across the porous metal specimen is

4 _- ~'



shown in figure 6. This pressure drop was measured diameter was determined; this calculation, being
by a differential pressure transducer. Ups'ream and baset on the assumption of viscous-dominated flow,
downstream static pressures were measured by sages made use of the relationship that the flow friction
connected to wall taps; these pressure gages also factor F was equal to 64/Re.
provided a check on the differential pressure
transducer. The static pressure at the inlet to the
rotometer was also measured by a pressure gage and Results and Discussion
provided the basis for flow rate calculations.
Upstream and downstream gas temperatures were Flow Through Porous Media
measured by thermocouples. The porous metal
specimen was the same NiCrFeMo metal alloy of 75 Flow tests were made as described in the preceding
percent porosity used to construct the vane core. The section. These test data, shown in figure 7 for three
specimen was cylindrical in shape, 20.02 millimeters different gases (air, argon, and helium), allow
(0.788 in.) long and 19.05 millimeters (0.75 in,) in calculation of the hydraulic diamett ",y use of
diameter. equation (7). The calculated hydraulic diameter from

Typical test procedure for each test point consisted all the data in figure 7 is shown in figure 8, from
of setting a desired pressure level at the inlet to the which the average calculated hydraulic diameter has
rotometer; this pressure level corresponded to one of been determined to be 0.000016 meter (0.000051 ft).
the two pressure levels, 23.9 and 37.8 N/cm 2 abs This average value of hydraulic diameter was used in
(34.7 and 54.7 psia), used in calibrating the calculating pressure drop and heat transfer in the test
rotometer. During the test the upstream and vane core.
downstream temperatures were monitored, and these
did not vary by more than a few degrees from room Vane Heat Transfer
temperature 293 K (68" F). Essentially a range of
pressure differenth.ls across the porous metal Equation (1) was used to get a measure of the

specimen was established by regulating of upstream relative effectiveness of the ceramic coating as a
and downstream valves, and data were taken after thermal barrier. In this calculation the ceramic
flow equilibrium was established. Pressure thermal conductivity was taken as a constant with
differential and mass flow were measured for three temperature. Data in references 7 and 12 suggest that
different gases (air, argon, wnd helium). The the vaiation of the thermal conductivity is not
measured mass fPow together with the measured significant up to temperatures in the range 1360 K
pressure differential across the specimen was used to (2500' F) (kb is approximately 0.006 W/cm K, ref.
construct curves of flow as a function of pressure 7). With reference to figure 9, as the ceramic
differential. From these data an average hydraulic thickness approaches zero, the indicated film

Differential Downstream
pressure valve
transducer on m

Downstream
vptralv tpte~ tmeaur.~~nperature, I Rtoe.
Uvstvea Rotoam tmpreter T

Porous metal ..

specimen - let Outlet Rotometer
pressure. P. pressure. PI pressure. Pr

Gas
source

Figure 6. Schematic of Wparatus used to measure pressure drop as a function of mass f•m.
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~ ~ 10-1 Gas film huat
transf r coefficient

E
• •X Ceramic layer heat

10-4L-- , i I ,1 1 1
' • lO"3 ~10"zl"

10,0 , Zr0 2 ceramic layer thickness, 6. cm "

16"1 10-2 10-1
ZrO2 ceramic layer thickness, 6, In.

Figure 9. - effective heat transfer coefficient as function of ceramic layer thickness.

overall heat transfer is markedly influenced by the
ceramic thickness. 7rz ceramicZrOyerac

Equation (4) provides the mass flow needed to . -- thikness,
maintain given levels of exit air temperature from the 61
test vane core; the results of the anal)sis are shown in -mm in.)
figure 10. With reference to figure 10, as the -k .(0i n)

thickness of the ceramic layer is increased, the a 1 0
cooling flow required for any given exit air 03-1.52 (.060)

temperature decreases significantly. (This is a result . -'
of the good thermal barrier characteristic of '
the ceramic layer.) From oxidation considerations, : o2.03 0)
1144 K (1600' F) was selected a~s a maximum porous
metal temperature (cooling flow exit temperature), .00_ ._o_
and the curves show the cooling flow required for 750 875 10x 1125 1250 1375
that temperature is about 0.003 kg/sec (0.006 Cooling flow exit temperature. Tci, K
Ibm/sec) for the test vane with a 1.02-millimeteis I
(0.04-in.) thick layer of ZrO2. IoDD 12% 14o 160 1800 20M0

Equation (8) permits determination of the pressure Cooling flow exit temperature, Tc., OF

drop through the test vane; the results of the analysis Figure f. - Vane cooling flow requirement as function of ceramic
are shown in figure 11. For the example of a core layer wiickness.

with a ceramic coating of 1.02 millimeters (0.04 in.)
the pressure drop is about 26 N/cm2 (38 psi). Trailg-Edge Ejection

Equation (8) can be expressed in a manner more
convenient for design purposes, as shown in figure The mathematical model of figure 5 applied in the
12, in which the pressure drop of the cooling flow is preceding section predicts the temperatues for a
plotted as a function of span length for three vane thickness of about 6.35 millimeters (0.25 in.). In
different cooling flow exit temperatures Te1 . From those sections of the vane where the core is thinner,
this figure it is quite apparent that spans greater than such as at the trailing edge, the model will
3.5 centimeters (1.38 in.) are not practical because of underestimate the temperature. This trailing-edge
the rapidly increasing pressure drop; a 2.5-centimeter temperature problem is handled by trailing-edge
(1.00-in.) span was selected for experimental study ejection of the cooling flow. In order to estimate the
since. the pressure drop for this span length is ceramic thickness needed to protect the rather thin
reasonable. (1.27 mm; 0.05 in.) porous metal of the trailing edge,

7 7



Ceram k ZrO2  I ZrO2 ceramic
layer thickness, layer thlckness6, .0015

mmin,) O. mm (in, I

Coln l•0,10 r-.51( .0201• -- .00M2 • • .11 ,030)

10 815 1000 1125 150 U75 Cooling flw exit temperature, Tci, K

52 ( ioL I 01. o

1000, 1200 1400) IWtO 1800 2000 Cooling flow exit temperature, Tci, o
0 5 01Cooling flow exit temperature, Tel, 

K

Fiue1.-Pesue- a ucto fpru mtlei oeFigure 13, - Coolingl mass dolt in trailing edge (trailing-edge ejec-
Figue 1. -Presuredro as uncionof prou meal eit oretion) as function of cooling flow exit temperature for vrirous

icooling fl Co exit) temperature, ceramic thicknesses.

Porous metal )O-ZrO 2 ceramic
Icool0ng f ow exit) C 6 .

temperature , mm Tn.
F u. 1 3 ." -

c o p u 1i00) ' :/re t o a51fo t t o

K 0L-- 0 I I ] I 1
0 1low C oolirng fla exit tem perature , t ilisK

Vane span, Z cm I I crI I

1 L I I I I 1o00 1 400 1600 1800so 2000
0 4 .8 1.2 1.6 Cli flaw exit temperature, lci, (i

Vane span, Z, in. Figure 14, - Pressure dorp In trailing edge Itrailing-edge ejection)

Figure 12, - Pressuro drop in vane span as function of span length laye fnthio ck olnesses, i emeaur o vros eai
for three exit cooling gas temperatures in porous metal.

t was modeled in a fashion similar to that shown in cooling flow exit temperature, the required cooling

figure 5. The differences were that the ceoling flow weight flow i•e 0.0005 kg/sec (0.0011 lbm/sec) when

length was 6.35 millimeters (0.25 in.) and that the the ceramic thickness is 0.25 millimeter (0.01 in.).
entrance cooling flow temperi~ture was assumed to be And in figure 14 the pressure drop for trailing-edge

294 K (70" F) since the source was a spanwise hole ejection is displayed as a fanction of cooling flow exit

(fig. 4). The results of the analysis are shown in temperature. For example, for a rather thin ceramic
figures 13 to 15. thickness of 0.25 millimeter (0.01 in.) azd an

The cooling flow required to maintain the allowable exit temperature of 1144 K (1600' F), the I
indicated cooling flow -. it temperatures o'n the prtssuri, drop is about 16 N/cm2 (23 psi); this is an
ordinate are shown in figure 13 for 0.25, 0.51, 0.76, acceptable gradient.

and 1.02 millimeters (0.01, 0.02, 0.03, and 0.04 in.) Finally in figure 15 the pressure drop is plotted as a
thicknesses of ceramic. For example, if 1144 K function of cooling flow source (hole) distance L,
(1600" F) is selected as the maximum allowable from the trailing edge (see fig . )The data indicated

1 114 10)-3 (00

Ck..



Coding flow exit N/cm2 (30 to 40 psi) are acceptable. Further for

-Ici 1 inch; therefore the pressure drop tends to become

.103 (110) less significant and thinner ceramic layer' thicknesses
114 (1600) (with associated higher cooling flows) may be

-1255 •IBM) acceptable. The vane trailing edge presents a special
problem since spanwise flow alone will not provide
sufficient cooling. Therefore trailing-edge ejectionI

so - •was used to cool the rather thin layer of porous metal
in this portion of the blade. In this regard the

mathematical model umsd does not accurately model
the two-dimensional flow in the region of the feed

C- hole for trailing-edge cooling. However, it was
judged that this simplication was not critical for
feasibility analysis purposes.

O..

0 1 2
coolIng flav hdol distance Summary of Results
from trailing edge. It, cm
I I IA new vane concept composed of a porous metal

S o dsncore cversprayed with an yttria-stabilized zirconia
from trailing ho, Lt, in. (ZrO 2 ) ceramic layer was proposed for higi-

temperature turbines. As a check on feasibility,
inre15 Pressur-ee portion as difuncti flow experiments were made on cooling flow pressure
Ing flow distance frorn trailIng edge for three drop through the porous metal core material as a
cooling flow exit temperatures. function of mass flow. These experiments provided a

measure of the hydraulic diameter of the core
that distances greater than 1.5 centimeters (0.6 in.) porosity based on an analogy to the friction factor in
are not practical; a distance of 0.63 centimeter (0.25 laminar pipe flow; the low Reynolds number of the
in.) was selected since the calculated pressure drop flow seems to justify this assumption. A heat transfer
was acceptable for this distance. analysis of a particular vane geometry provided the

required cooling flows as a function of ceramic layer
thickness needed -to maintain cooling flow exit

Concluding Remarks temperature within given limits set by the oxidation
rate of the porous metal. And finally flow analysis

The pressure drop of the required cooling flow (based on prior testing) provided the pressure drop
through the porous core of the vane is an important associated with the cooling flow. These flow tests and
engine design consideration since exit pressure level vane heat transfer analysis indicated the following:
determines the location at which the flow can be 1. The ceramic-coated-porous-metal vane concept
returned to the engine flow path or determines if the is feasible from a porous metal core temperature and
flow can be used for additional cooling. Therefore cooling flow standpoint.
minimum pressure drops are desired. In this regard, 2. The overall heat transfer coefficient is markedly
selection of a lower density core material such as one affected by the ceramic layer thickness.
of 0.85 porosity will reduce the pressure drop by a 3. With trailing-edge ejection the porous metal
factor of about 5. However, in changing to 0.85 core temperature in the trailing edge can be kept
porosity the metal core thermal conductivity within design limits by acceptable cooling mass flows
decreases and the thermal gradients normal to the and pressure dropa.
vane core may start to become significant, according
to Wong and Bybhs.

The pressure drop calculations for the 0.75 porous Lewis Research Center
core indicate feasibility for use in high-pressure National Aeronautics and Space Administrationengines, in which pressure drops of 20.7 to 27.6 Cleveland, Ohio, April 27, 1981
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Appendix-Symbols

A flow area, cros3-sectional area of vane airfoil I kinematic viscositySshape 6 thickness
ScP specific heat OF porosity

dh hydraulic diameter A viscosity
F friction factor P density
g acceleration due to gravity Subscripts:
A heat transfer coefficient
k thermal conductivity bi ceramic thermal barrier inside

" bo ceramic thermal barrier outside
SL lengthS pensuth ci cooling &ir exit

P pressureo cooling air entrance
Al' pressure drop Ce equivalent overallq heat flux
Re Reynolds number eff effective
s perimeter of airfoil shape turbine hot gas
Tp porous metal

r rotometerV velocityr roo teW mass flow r trailing edge

f vanespan

to

11

I ,.0.--,.-



References

i. Hudson Michael S.; Janovicz, Michael A.; and Rockwood 7. Liebert, C. H.; and Gaugler, R. E.: Significance of Thermal
Franklin A.: Ceramic Applications in Turbine Engines. Contact Rcsistance in Two-Layer Thermal-Darrier-Coated
(EDR-10156, Detroit Diesel Allison; NASA Contract Turbine Vanes. NASA TM41483, 1980.
DEN3-17.) NASA CR-1S9865, 1980. 8. Wong, K. F.; and Dybbs, A.: An Experimental Study of

2. Fisher, E. A. and Trela, W.: The Evaluation of Ceramic Thermal Equilibrium in Liquid Saturated Porous Media. Int.
Turbine Stators. Presented at the 6th U.S. Army Materials J. H%vt Mass Transfer, vol. 19, no. 2, Feb. 1976, pp.
Technology Conference, Orcas Island, Washington, July 234-2t-6.
10-13, 1979. 9. Stepka, Fr•rcis S.: Thermal and Flow Analysis of a

3. Bratton, R. J.; Holden, A. N.; and Mumford, S. E.: Testing Convection Air-Cooled Ceramic Coated Porous Metal
Ceramic Stator Vanes for Industrial Gas Turbines. SAE Concept for Turbine Vanes. NASA TM-S1749, 1981.
paper 740236, Feb. 1974. 10. Gauntner, D. J.; and Sucec, J.: Method for Calculating

4. Kennedy, F. E.; and Bill, R. C.: Thermal Stress Analysis of Convective Heat Transfer Coefficients Over Turbine Vane

Ceramic Gas-Path Seal Components for Aircraft Turbines. Surfaces. NASA TP-1 134, 1978.
NASA TP-1437, 1979. 11. Carmen, P. C.: Flow of Gases Through Porous Media.

5. Bill, R. C.; Wisander, D. W.; and Brewe, D. E.: Preliminary Butterworths Scientific Publications (London), 1956.
Study of Methods Providing Theimal Shock Resistance to 12. Shiembob, L. T.: Development of a Plasma Sprayed Ceramic
Plasma-Sprayed Ceramics Gas-Path Seals. NASA TP-1561, Gas Path Seal for High Pressure Turbine Applications.
1980. (PWA-5569-12, Pratt & Whitney Aircraft Group; NASA

6. Ludwig, Lawrence P.: Gas Turbine Engine with Fuel Cooled Contract NAS3-20623.) NASA CR-135387, 1978.
Turbine Disk. NASA Case No. 13,325-1, Apr. 13, 1979.

~~11

1.1



1. Report No. 12. Government Accession No. 3. Recipient's Catalog No.

NASA TP-1942 AVRADCOM TR el-C-7 1416 0 '
4. Title and Subtitie 5. Report Date

December 1981GAS TURBINE CERAMIC-COATED-VANE CONCEPT WITH Deemier Code
CONVECTION-COOLED POROUS METAL CORE 307-90-00

7. Author(s) 8. Performing Organization Report No.Albert F. Kascak, Curt H. Liebert, Robert F. Handschuh, " E-732

and Lawrence P. Ludwig 10. Work Unit No.

9. Performing Organization Name and Address

NASA Lewis Research Center
and 11, Contract or Grant No.

Propulsion Laboratory
AVRADCOM Research and Technology Laboratories
Cleveland, OH 44135 13. Type of Report and Period Covered

12. Sponsoring Agiency Name and Address Technical Paper
National Aeronautics and Space Administration
Washington, DC 20546 14. Sponsoring Agency Code

and
U.S. Army Aviation Research and Development Command
St. Louis, MO 63166

15. Supplementary Notes

Albert F. Kascak: Propulsion Laboratory, AVRADCOM Research and Technology Laboratories.
Curt H. Liebert, Robert F. Handschuh, and Lawrence P. Ludwig: Lewiis Research Center.

'16. Abstract]

Analysis and flow experiments on a ceramic-coated-porous- metal vane concept indicated the
feasibility, from a heat transfer standpoint, of operating in a high-temperature (1644 K;

25000 F) gas turbine cascade facility. The heat transfer and pressure drop calculations
provided a basis for selecting the ceramic layer thickness (to 2. 03 mm; 0.08 in.), which was

found to be the dominant factor in the overall heat transfer coefficient. Also an approximate
analysis of the heat transfer in the vane trailing edge revealed that with trailitig-edge ejection
the ceramic thickness could be reduced to 0. 254 mm (0.01 In.) in this portion of the vane.

.4

17. Key Words (Sugigeted by Authoris)) 18. Distribution Statement

Ceramic-coated turbine vanes Unclassified - unlimited

STAR Category 07

19. Security Classif. (of this report) 20. Security Classif. (of this peg s} 21. No. o -Pf N 22. Price'

Unclassified Unclassified 13 A02

For sale by the National Technical Information Service. SprinEfield. v,,/

NASA-Langley, 1981

*I*"


